Introduction
[2] Considerable attention has been devoted to investigation of measures to sustain activity along deltaic shorelines. However, no generic model framework is available to systematically study physical river-delta (trans)formation.
[3] From field studies regarding fluvial distributary systems [e.g., Roberts et al., 1980] , three distinct aspects can be inferred: (1) the sediment flux towards downstream basins to form a distributary network can be significantly driven by high-magnitude flood events, (2) the river channel does not merely function as a gateway for its own building blocks, but continuously alters to take on particular planimetrical and altimetrical modes at certain discrete time-points, and (3) the sedimentary characteristics of hinterland, riverchannel bed and banks, and receiving basin are of importance to the build-up of deltaic sedimentary records in lacustrine or marine basins. These aspects may sound logical to the thoughtful observer, however, present-day deltaic shoreline models typically do not address them in combined form, though consideration and reinterpretation of realworld observations and classical mathematical descriptions led Dade [2000] to point at, and call for, further investigations regarding the issues listed above.
[4] Fundamentally, the constitution of fluvial distributary systems is governed by [Jerolmack and Swenson, 2007] (1) local bar deposition at the shoreline inducing flow bifurcation, hence channel lengthening, and (2) regional relocation of the feeder channel (belt), induced by local or regional factors. However, dynamics of (self-similar components of) a deltaic network (subdelta, delta lobe) may at some time-point, for some time span, be characterized by dominance of either of the two processes. Using detrended fluctuation analysis, Seybold et al. [2009] found dynamics of a burst-prograding delta based on their reduced complexity model to have a characteristic timescale, which separates a highly correlated regime for small timescales from a less correlated one at larger timescales. The former corresponded to consistent delta growth via gradual shoreline deposition while the latter corresponded to rapid change, associated with large-scale channel avulsions resulting in channel formation and subaqueous dominated deposition. Also, rather than focusing on allogenic forcing variability, experimental shoreline migration under steady and sole riverine forcing was assessed to exhibit pulses, associated with a channelization instability releasing sediment from a noncohesive fan delta surface, preceded by, and alternating with, deposition-dominant sheet flow conditions, to give rise to cyclic sedimentation packages [Kim and Jerolmack, 2008] .
[5] The origin and stability of nodes of fluvial distributary systems (particularly diffluences) have been extensively studied [e.g., Kleinhans et al., 2008] , however, an integrated quantitative representation of both nodes and links, prime constituents of deltaic networks, is still in its incipient stage [Edmonds and Slingerland, 2009] . Moreover, coupling of vertical and horizontal displacements of these geomorphic entities to their internal sedimentary composition allows for river system characterization [Jerolmack and Mohrig, 2007] .
[6] Here, we show results from a high-resolution physicsbased numerical model of a river-delta system that addresses mixed-load transport conditions, river-bed and bank stratigraphy, and which relocates the upstream boundary condition to account for a channel that is not necessarily "in equilibrium" with existing flow conditions. As such, we relax the presently limited representation of the interface of riverine land and semi-unconfined basin waters, and demonstrate the need for detailed field and laboratory data that address alluvial deltas and their feeder systems, concurrently.
Computer Model Description
[7] Adopting the view of movement of sediment particles as a phenomenon of advection-diffusion in the water flow and assuming relatively low concentrations of relatively fine sediment (lower than c.0.1 by volume and smaller than c.0.001 m, respectively), one arrives at a coupled model of clear water with sediment transport. Herein, the isopycnal fluid flow field is computed by discretization of the wellknown unsteady depth-averaged shallow-water equations on a rectangular staggered finite difference grid and solved by means of an alternate direction implicit time-integration method. To account for spiral flow, correction terms are included in the fluid momentum equations; the effective radius of streamline curvature is derived from the spiral flow intensity, which is obtained from an advection-diffusion formulation [Deltares, 2008] . At closed boundaries (dry river banks or bars emerging above a critical flow depth; herein set at 0.1 m), a free-slip condition is assumed. The bed shear stresses are related to components of the depthaveraged velocity vector by Chézy's relation. To meet the requirement of Courant numbers for fluid advection to be below unity, for reasons of accuracy, a time step of 15 s is chosen. Horizontal grid cell dimensions are 50 m.
[8] In need for isolation of the natural deltaic shoreline system, upstream drainage basin dynamics are collapsed to a ), fine sand (Q sand (t) |x = 0 = f(z b (x, y, t)); Neumann condition) and coarse silt (Q silt (t) |x = 0 = 40 mg l −1 ) are discharged (where t, x, y, z b denote time, rectangular Cartesian coordinates, bed level relative to mean water level, MWL). Initial geometry, horizontal boundaries and relevant parameter settings are depicted in Figure 1 . In the present schematization, downstream forcings are left out of consideration. In view of (1) these simplifications, (2) a mathematical problem that is to be well-posed and (3) Froude numbers being well below unity, a time-invariant water level (z(t) |x = 20,000 = 0 m MWL) is prescribed at the offshore boundary.
[9] The transport of fine sand is modeled algebraically, according to the Engelund-Hansen formulation [e.g., Garcia, 2006] . Among many other available formulae, each having their pros and cons [Garcia, 2006] , effects of longitudinal and transverse bed slopes are accounted for, following the widely-applied Bagnold-Ikeda expressions [e.g., Figure 2h , zoom of virtual cores display an active and passive distributary, that in earlier phases of delta progradation issued from same lower-order parent channel. Garcia, 2006] . A depth-averaged advection-diffusion formula is used to compute transport of coarse silt. Herein, the erosion rate (modeled as a linear function of excess shear stress) and deposition rate follow from the well-known Krone-Mehta-Partheniades formulations [e.g., Garcia, 2006] . For an overview on the approximation of the concentration profile, used to determine the transfer of suspended and bed sediment via so-called source and sink terms, refer to Deltares [2008] . The transport equation is discretized with a finite volume approximation.
[10] The bed is schematized following a multi-layer concept [e.g., Garcia, 2006] . Here, we use a transport layer Figure 3 GELEYNSE ET AL.: DELTA MODELING L05402 L05402 of fixed height in space and time (0.2 m) and a maximum number of 75 bookkeeping layers (each 0.1 m thick) to track sedimentary composition. As an initial condition, the entire spatial domain is characterized by a fully-mixed 5 m-sediment layer. The basement is assumed unerodible; sediment fluxes are reduced if the immobile substrate is reached (supplylimited condition). The quantity of sand and silt available at the bed transport layer is updated for each (half) 'hydrodynamical' time step by means of bookkeeping for the control volume of each computational cell. Before morphological computations are performed, a spin-up interval of 3600 s is used for introductory adaptation of the flow field. Under the assumption of timescales for relaxation of non-Newtonian fluids being well beyond those for Newtonian fluids, the potential bed level change is linearly upscaled, to extend the time horizon of classical morphodynamical models [Roelvink, 2006] [1964] ). Here, a factor of 60 is used. To allow for erosion of river banks and emergent bars, sediment (per fraction) which is eroded from an active grid cell is (uniformly) replenished from its adjacent inactive cells, which, thence may be activated. If a certain sediment fraction is not (sufficiently) present in the neighboring cells, the eroded volume is replenished with a volume that is made up of (enriched with) the other sediment fraction. For an elaborate treatment of the bed level procedure, as well as of the drying and wetting of (in)active cells, refer to Deltares [2008] .
Linked River-Delta Representation and Discussion
[11] Starting with a straight non-sloping channel emptying into a linearly-sloping basin (Figure 1a ), multiple bars (transverse oscillation mode = 2-3) develop in the confined river valley (Figure 1b) , that widens, the degree of which increases at the river orifice (Figures 2a, 2c , and 2e). The latter is caused by stream bifurcation at the efflux, preceded by deposition of sediment resulting from divergence of the transport field to form a mouth bar [Edmonds and Slingerland, 2007] . Erodibility of lateral boundaries of rivers is of fundamental importance to occurrence and dynamics of natural forms such as bars and meanders [Seminara, 2006] . Here, alternate bar formation in the upstream part of the semiconfined river zone is initiated by a bank-line instability, entailing local width variations that, in turn, promote central bar formation (Figure 1b) . This process is controlled by the large initial channel aspect ratio (220) and relative high degree of non-linearity of the Engelund-Hansen transport law (5), under conditions of easily erodible fines (low critical erosional shear stress; 0.5 Nm −2 ) and overall sanddominated fluxes (Figure 3a) , hence negative damping lengths. Observed downstream response can also be inferred from linear analyses [e.g., Crosato, 2008, and references therein]. Under identical system forcing, but assuming river banks to be inerodible results in persistence of the initial straight planform (here not shown). In both cases, however, the bed configuration of the lower river is also influenced by downstream deposition at the efflux, which induces a morphodynamic feedback. This is manifested through the growth of the initial mouth bar at its upstream tail over hundreds of metres (Figure 1b inset) following rapid shoreline progradation during first few time steps (Figure 3f) , and later becoming dissected by small transverse streams (traceable by upward and transverse fining patterns; Figures 2e and 2f ) which, in turn, link the different feeder channels (Figure 1c ). Upstream growth of mouth bars has also been recognized from progradation of Atchafalaya and Wax deltas, Burdekin delta and Lena delta [Olariu and Bhattacharya, 2006] and in experiments, under conditions of low Froude numbers (1) .
[12] Prior to the first flow bifurcation at the efflux, sandy subaqueous levees form along the margins of the jet, with fines being dispersed farther basinward (Figure 2g-2j) . Flow diverges over the crest of the developing mouth bar focusing sediment towards the subaqueous levees, which breach. Resultantly, high-angle bifurcates (up to 90°w.r.t. riverbasin axis) form. However, being typically unstable [e.g., Federici and Paola, 2003] these are incapable of progressive capture of the main stem flow, as the flow subsequently concentrates at the centerline, dissecting the mouth bar. Under high, but decreasing riverine sediment supply (Figure 3a) , the delta than progrades three channel widths into deeper ambient water before the longitudinal slope becomes too small to transport sediment any farther. Consequently, the afore-mentioned bifurcates are reactivated after 6 simulated months leading to the initial stage of delta progradation being mainly oriented parallel to the undisturbed shoreline (cf. Seybold et al. [2009] for larger timescales). Herewith associated, maximum local shoreline roughness increases (Figures 3c and 3d) , while drainage density ( Figure 3i ) and channelized flow portion of the delta surface area (Figure 3g ) decrease, the degree of which depends on the actual definition of "a channel" (Figures 3b  and 3e) .
[13] First-order developments during subsequent phases of delta formation comprise an organising distributary network (Figure 1c ), being overall characterized by (1) a decreasing number (here not explicitly shown) of (2) more persistent channels (Figures 3b and 3g-3i ; stronger ability to differentiate between active channel and passive floodplain classes, negative correlation between dimensionless shoreline extension and dimensionless channelized flow area, increasing mean channel aspect ratio and decreasing drainage density, respectively), (3) that rejoin less frequently [cf. Martin et al., 2009] and (4) have a common progressive tendency to extend more radially-uniformly (corroborating one-dimensional assumption of Parker and Sequeiros [2006] for effective description of delta-front propagation), but (5) inducing local shoreline roughening (Figures 3c  and 3d ), as well as (6) exhibiting distinct sorting patterns (Figures 2h and 2j ). Note that this channel organisation implies an apparent lack of necessity to include vegetational strength [e.g., Tal and Paola, 2007] . In addition, higherorder variability can be assessed in time series of the governing variables as the system tends asymptotically towards a steady final configuration (Figures 3f-3i ). Most notable is the relative increase of dimensionless channelized flow area at the interval t = 14-18 months (Figure 3g ), resulting from partial capture of discharge from the central distributary by multiple, less persistent traverse channels. This leads to the assessed increase of shoreline length being more evenly distributed, hence maximum shoreline roughness does not increase (Figure 3c) . Accordingly, the temporal increase of L c /L p for this interval (Figure 3g ) is the result of an increasing number of channels rather than increasing lengths of existing channels.
[14] Kim and Jerolmack [2008] and Hoyal and Sheets [2009] highlighted downstream control of autogenic behaviour of noncohesive and cohesive experimental deltas under supercritical and subcritical flow conditions. While morphodynamic feedback as a consequence of downstream deposition is important in the present numerical model as well, upstream control to delta lobe shifting is also assessed here. After 41 simulated months, downstream migration of a bar into the throat of channel 1 (Figure 1c ) almost results in fixation of the northern delta lobe, coinciding with flooding of southern parts of the delta plain (off channel 3; Figure 1c ). However, lateral shift of this channel (channel 1; Figures 2e and 2f) at the final time-step prevents full abandonment. We hypothesize that assessed downstream meander migration (here not shown, but note the simulated classical fining patterns across its axis in Figures 2c and 2d) , combined with upstream discharge fluctuations will further direct water and sediment distribution over the different branches, thereby determining stability of individual nodes of the network. Corresponding timescales may vary considerably, with nearly balanced bifurcations developing at a much lower rate than unbalanced bifurcations, explaining observed differences in avulsion duration [Kleinhans et al., 2008] .
Concerning characteristic timescales of system response, our simulated river-delta of order kilometer develops within a time span of the order of a year, while natural fluvial distributary systems typically develop on timescales of decades, centuries or even longer, as determined by many factors [e.g., Syvitski and Milliman, 2007] . However, effective morphological timescales are for many field cases not deciphered. Detailed studies of Roberts et al. [1980] regarding (trans)formation of Atchafalaya deltas are a noteworthy exception, clearly linking scouring of relative unconsolidated lake-and channel infill along considerable stretches of the lower river during river floods to rapid growth of delta mouth bars. Hence, the present simulation can be regarded as a compressed time series of highdischarge events (cf. the common usage of an "intermittency factor" in long-term morphodynamical modelling), it must also be realized that morphological preconditioning is of fundamental importance [Lane and Richards, 1997] . Here, the initial state of the feeder system is that of a wide, shallow, easily erodible sand-silt bed; future investigations must focus on the role of this initial schematization in terms of both geometry and internal sedimentary composition, in direct correspondence to upstream water and sediment supply and downstream conditions, as apparent from the present investigation.
